Short-term effects of ozone (03) on phyllosphere fungi were studied by examining fungal populations from leaves of giant sequoia (Sequoiadendron giganteum (Lindl.) Buchholz) and California black oak (Quercus kelloggii Newb.). Chronic effects of both 03 and sulfur dioxide (SO2) were studied by isolating fungi from leaves of mature Valencia orange (Citrus sinensis L.) trees. In this chronic-exposure experiment, mature orange trees were fumigated in open-top chambers at the University of California, Riverside, for 4 years with filtered air, ambient air plus filtered air (1:1), ambient air, or filtered air plus SO2 at 9.3 parts per hundred million. Populations of Alternaria alternata (Fr.) Keissler and Cladosporium cladosporioides (Fres.) de Vries, two of the four most common fungi isolated from orange leaves, were significantly reduced by chronic exposure to ambient air. In the short-term experiments, seedlings of giant sequoia or California black oak were fumigated in open-top chambers in Sequoia National Park for 9 to 11 weeks with filtered air, ambient air, or ambient air PlUS 03. These short-term fumigations did not significantly affect the numbers of phyllosphere fungi. Exposure of Valencia orange trees to SO2 at 9.3 parts per hundred million for 4 years reduced the number of phyllosphere fungi isolated by 75% compared with the number from the filtered-air treatment and reduced the Simpson diversity index value from 3.3 to 2.5. A significant chamber effect was evident since leaves of giant sequoia and California black oak located outside of chambers had more phyllosphere fungi than did seedlings within chambers. Results suggest that chronic exposure to ambient ozone or SO2 in polluted areas can affect phyllosphere fungal communities, while short-term exposures may not significantly disturb phyllosphere fungi.
Plant tissues and surfaces are colonized by microbial communities consisting of mycelial fungi, yeasts, bacteria, actinomycetes, and algae (9, 17) . Plant-associated microbes include symbionts, pathogens, saprophytes, or casual inhabitants. The effects of nonpathogenic microbes on plants are not well understood. Possible functions of phyllosphere microorganisms include fixation of nitrogen, degradation of waxes, acceleration of senescence, production of growth regulators, and biological control of plant diseases (3, 4, 6, 10, 11, 17, 29, 36) . Phylloplane microorganisms come into contact with a variety of gaseous and particulate air pollutants which may be deposited in a wet or dry state. Disruption of phylloplane microbial communities by air pollutants could have a negative impact on naturally occurring biological control if pathogens are less sensitive to air pollutants than antagonists (16) . Many studies have shown that exposure of plants to 03 or SO2 can alter the development of biotic disease (12, 13, 18, 20, 21, 35, 39) . The symptoms of air pollution injury on plants may be due in some instances to a combination of direct air pollution injury plus enhanced or diminished growth of pathogens or other plant-associated microorganisms (19) (20) (21) (22) .
An increase in ozone damage on ponderosa pine (Pinus ponderosa Laws.) and Jeffrey pine (Pinus jeffreyi Grev. and Balf.) trees was observed at 52 ground plots in the southern Sierra Nevada from 1977 to 1980. During the summer months, ozone concentrations at these sites frequently exceeded the California state standard of 10 parts per hundred million (pphm) (28, 37) . In a more recent study in Sequoia and Kings Canyon National Parks in California, growth reduction in Jeffrey pine was associated with ozone injury (27) . The impact of ozone on other tree species in the mixed-conifer forest of the southern Sierras is uncertain. As part of a larger study examining the possible effects of ozone on giant sequoia (Sequoiadendron giganteum (Lindl.) Buchholz) and California black oak (Quercus kelloggii Newb.) in Sequoia National Park, the effects of short-term exposure to ozone on phyllosphere fungi from these two species were investigated. The effects of chronic exposure to ozone and sulfur dioxide on phyllosphere fungi from Valencia orange (Citrus sinensis L.) were also investigated.
MATERIALS AND METHODS
Giant sequoia. Seeds of giant sequoia were germinated in September 1983, and seedlings were grown for 14 connected to the outer wall, which formed a bellows from which air entered the chamber through evenly spaced holes (2.5 cm in diameter) in the inner wall. The fumigation treatment was from July 1 to September 17, 1985 . Exposure treatments were for 7 h/day with either charcoal-filtered air, ambient air, ambient air plus ozone (4 pphm), ambient air plus ozone (8 pphm), or ambient air with no chamber. During the course of the experiment, the average ambient hourly mean ozone concentrations at the experimental site ranged from 3 to 10 pphm with a maximum hourly concentration of 13 pphm. There were two replicate chambers per treatment.
After the 11-week fumigation period of year 1, 3 of 12 giant sequoia seedlings per chamber were randomly selected. The three oldest branches were removed from each of these seedlings, and a total of approximately 120 needles (approximately 1 cm in length) were picked from the three branches. All the needles from each branch were sampled except for the youngest needles near branch tips and the oldest needles near the branch base. Phyllosphere fungi were isolated by washing groups of needles in vials with sterile distilled water for five separate washings. The purpose of the washing was to remove casual inhabitants and increase the likelihood that isolated fungi were true leaf-colonizing fungi. Each washing consisted of a 2-min high-speed shaking period on a horizontal shaker and a subsequent rinse with sterile distilled water. All the needles were washed on the same day and subsequently stored overnight at 4°C. Eighty needles from each of the three seedlings chosen per chamber were placed onto malt extract agar containing 30 ,ug of streptomycin sulfate and of chlortetracycline per ml. The plates were incubated at 15°C for 10 to 14 days. Fungi growing from needles were identified when possible. The number of fungi isolated was expressed quantitatively as the percentage of needles or leaf disks colonized by a fungal species or taxonomic unit.
California black oak. California black oak acorns were germinated on February 5, 1985 , and seedlings were grown in containers (4 by 20 cm) containing the same potting mixture used for the giant sequoia seedlings. The California black oak seedlings were transported on June 25, 1985 to Sequoia National Park and fumigated along with the sequoia seedlings from July 1 to September 17, 1985 12 daylight hours during the April-to-October growing season of 1986 was 10.6 pphm. The sulfur dioxide concentration of ambient air was less than 0.5 pphm. After 4 years of fumigation, three leaves were taken from each of four geographic quadrants of each tree near the center height of the tree. Four replicate trees were sampled per treatment. Twenty disks were cut from each of the 12 leaves sampled per tree. After combining and mixing, a subsample of 20 disks was placed into each of two vials containing 5 ml of sterile 0.01% Tween 80 in distilled water. The vials were placed on a horizontal shaker and shaken at high speed for 1 min followed by three rinses with sterile distilled water. The number of leaf-disk washings needed to efficiently remove transient fungi was previously determined (unpublished data). Forty washed leaf disks from each of four replicate trees (chambers) per treatment were then plated onto malt agar containing antibiotics and incubated at room temperature. Fungi growing out of the disks were subcultured and identified.
Measurement of fungal species diversity. As a measure of change in the fungal community, diversity values were computed for fungal communities in the various fumigation treatments of the sequoia, oak, and Valencia orange experiments. The Simpson index in the reciprocal form and Shannon index in the exponentiated form were used for obtaining diversity index values (26, 32, 33) . In these forms, the values obtained are measures of the number of equally common species which would produce the same heterogeneity as observed in the sample (26 Dominant fungi were defined as those fungi isolated from at least 5% of the leaf disks or needles. Statistical analysis of diversity index data was not performed because of potential underestimation bias in characterizing the fungal community when all fungal species are not isolated from leaves and identified with the cultural methods employed (1). (Fig. 1) . The highest levels of fungal colonization were found on needles from seedlings without a chamber enclosure (Fig. 1) . The dominant fungi, here defined as those fungi isolated from at least 5% of the needle sections, were Cladosporium clado-sporioides (Fres.) de Vries, Cladosporium herbarum (Pers.) Link ex Gray, and Cryptococcus sp. (Table 1) .
California black oak. Exposing oak seedlings to 1.5 x ambient ozone levels did not affect the total numbers of fungi on oak leaves compared with those from the filtered air treatment. Colonization frequencies of the most common fungi were not significantly different in the oak seedlings with any of the chamber treatments. Fifty-four percent more phyllosphere fungi were isolated from leaves of seedlings in open air than from seedlings exposed to ambient air within chambers. Five fungal species had significantly higher isolation frequencies in the open-air treatment compared with those in the treatments within chambers (Fig. 2) . The most commonly occurring fungi on oak leaves were Cladosporium sp., Alternaria sp., Cryptococcus sp., Embellisia chlamydospora (Hoes, Bruehl, et Shaw) Simmons, Aureobasidium pullulans (de Bary) Arn., and Ulocladium sp. (Table 2) .
Valencia orange. There were significantly fewer total fungi isolated from Valencia orange leaves exposed to S02 (9.3 pphm) than from leaves treated with filtered air (Fig. 3) . The isolation frequencies of Alternaria alternata (Fr.) Keissler and C. cladosporioides were significantly reduced on leaves from trees exposed to SO2 (9.3 pphm) compared with the frequencies from leaves from trees exposed to filtered air (Fig. 4 ). There were also fewer numbers of Aureobasidium pullulans var. pullulans and Epicoccum purpurascens Ehrenb. ex Schlecht. on these same leaves, but the differences were not significant (Fig. 4) Populations of A. alternata and C. cladosporioides were significantly reduced on leaf disks exposed to one-half ambient air or ambient air within chambers compared with populations from the filtered-air treatment (Fig. 4) . The ambient-air and ambient-air-plus-filtered-air treatments had 33 and 45% fewer total fungi than the filtered-air treatments, although the differences were not statistically significant (Fig. 3) . Leaves exposed to ambient air within a chamber for 4 years had 40% fewer total fungi than leaves exposed to ambient air with no chamber (Fig. 3) Table 4) .
Diversity index values for phylloplane fungi from giant sequoia within chambers were similar in the various treatments, except for the filtered-air treatment, which had the highest value. Diversity values for sequoia were lowest and values for California black oak were highest in the nochamber treatment (Table 4) . Fumigation of California black oak seedlings with 1.5x ambient ozone levels resulted in diversity values higher than those in the filtered-air treatment. In the Valencia orange experiment, fumigation with one-half ambient air resulted in the highest diversity values, while the lowest diversity values occurred in the S02 treatment (Table 4) .
DISCUSSION
Chronic exposure of Valencia orange trees to ambient levels of ozone for 4 years caused a significant reduction in phyllosphere populations of A. alternata and C. cladosporioides. The total number of fungi isolated from orange leaves exposed to ambient air or to ambient air plus filtered air was reduced compared with that of fungi from leaves exposed to charcoal-filtered air, although the differences were not statistically significant. In the fumigation experiments with California black oak and giant sequoia seedlings, exposing trees to realistic ozone concentrations for 9 to 11 weeks did not reduce the total number of fungi on leaves or the frequency of occurrence of individual species. These results suggest that chronic exposure to ambient ozone in polluted areas can affect phyllosphere fungi, while short-term exposures may not have a major impact.
Most reports of ozone or SO2 toxicity to fungi refer to short-term exposures to levels higher than those in severely polluted areas (2, 15, 30) . Data from such studies could have considerable validity with regard to phyllosphere fungi which are chronically exposed to ambient pollutants. An apparent relationship between concentration of ozone or SO2 and time of exposure (CXT) has been observed. Brief exposures to high concentrations of these pollutants may have effects similar to those of long exposures to lower concentrations (2, 7, 8, 15) . The data in this paper indicate that the levels of ozone encountered near urban centers in southern California affect phyllosphere fungi if the exposure is of sufficient duration. Colonies of some fungi grow abnormally when continuously exposed to ozone (15) . Laboratory studies have shown that with some fungi, life cycle stages such as sporulation or spore survival are more sensitive to atmospheric pollutants than the mycelial growth stage is (2, 16, 30) . Ozone could have significant effects on members of the phyllosphere community if an ozone-sensitive stage of the fungus is active during the so-called smog season.
Chronic exposure of Valencia orange leaves to sulfur dioxide (9.3 pphm) reduced fungal populations by 75%. Sulfur dioxide is known to have antifungal activity and has been used for the control of postharvest fungal diseases (5, 7, 8, 19, 23, 31) . A constant exposure to SO2 at 9.3 pphm is a large dose and would usually be encountered only in the vicinity of a point source of exposure or downwind from a point source. In areas of S02 emissions, it is likely that the microbial community will be significantly affected (12, 13, 19, 22, 34) .
Diversity measurements have been used to assess the effects of environmental stresses on microbial communities. Generally, diversity decreases in ecosystems exposed to pollutants (1) . In this study, it seems that diversity was largely unaffected because populations of each of the domi- (16) . While the effectiveness of biocontrol with H. album was not rigorously demonstrated, this example illustrates the potential loss of biological control due to the differential sensitivity to pollutants of two fungal species of the phyllosphere community.
Diversity values in many treatments of the oak experiment were more than twice as great as those in the sequoia or Valencia orange experiments. Thirteen dominant fungi were isolated from leaves of California black oak seedlings. On needles of giant sequoia seedlings and on 9-month-to 1-year-old leaves of Valencia orange trees, there were only three dominant fungi. The oak leaves were in the early stages of senescence at the time of sampling, which may partially explain the more diverse fungal population on oak leaves. The rough surface texture of oak leaves may also increase microbial numbers or diversity by greater moisture retention at the leaf surface, by trapping more microbes and nutrients in deposited particulate matter, by retaining greater numbers of airborne propagules, and by the presence of shaded sites on the leaf surface providing protection from solar radiation. The reason for the paucity of phyllosphere fungal diversity with Valencia orange is unknown, but it could be due to environmental limitations such as the hot, dry conditions at the time of the experiment or the physical (e.g., smooth texture) or nutritional characteristics of citrus leaves.
In all three experiments, leaves from trees in the open had higher numbers of phyllosphere fungi than leaves from trees enclosed in chambers and exposed to ambient air. Parameters of solar radiation, air flow, temperature, and moisture are different within chambers (14, 24, 25, 38 
